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The morpholog>' of Rhizopus oligosporus (NRRL 2710) sporangiospores and their physiological requirements 
for germination were studied. Germination pr oceeded in two separable phase s: phase I (sWellin g) and phase II 
(g erm tube pr otrusion). The optimal conditions for germination were 42**C and pH 4.0. Sporangiospores 
contained i nsufficient endogenous carbon for swelling or germination to occur in distilled water . Initial swelling 
during phase I occurred only in the prescnceof a suitable carbohydrate . Subsequent production of germ tubes 
during p hase II r equired exogenous sources of both carbon and nitroge n. Spores germinated most rapidly in 
mixtures of amino acids; L-proline and L-aianine were the most effective. These amino acids, at concentrations 
as low as 10'^ M, supported germination when combined with glucose and Mcllvaine (citric acid-phosphate) 
buffer. D-Glucose, o-xylose, and D-mannose were the most effective carbohydrates tested for promotion of 
germination. 


Tempeh, a fermented soyfood long used as a meal substi- 
tute in Indonesia (6), is prepared by inoculating cooked 
soybeans, or soy-grain mixtures, with Rhizopus olij^osportis 
sporangiospores. The fermentation, which usually occurs at 
30 to 32**C, requires ca. 30 h to complete. Mycelial growth 
becomes visible after ca. 20 h. The initial stage of the 
fermenlalion involves germination and outgrowth of the 
sporangiospore inoculum. 

Hesseltine el al. (3) and Sorensen and Hesseltine (5) have 
studied the physiology of R. oligosporus mycelial growth. 
The germinalion requirements of its sporangiospores. how- 
ever, are not well established. Knowledge of optimal ger mi- 
n ation conditions for sporangiospore starters may allow " 
tempeh manufacturers t o accelerate the critical initial perio d 
o f the fermentation, thus minimizing the possibility of subse- 
quent overgrowth by contaminants. Some p hysical and 
nutritional conditions promoting germination of R, o l igd' 
spnru^ «;p Qranpiospores and the accompanymg morphofogi- 
cal changes that occur during their outgrowth are presented 
in this paper. 

MATERIALS AND METHODS 

Organism. R. oligosporus NRRL 2710 was obtained from 
the U.S. Department of Agriculture Northern Regional 
Research Laboratory (Peoria, 111.), courtesy of C. W. Hes- 
seltine. This strain has been used extensively for the produc: 
tion of soybean tempeh in the United Stales. 

Media. Protein digests (NZ amine type A, soy peptone, 
and Hy-Cas) were obtained from Sheffield Chemical Co., 
Norwich, N.Y. 

A modification of the defined medium described by Gra- 
ham eTal. (2) was used for sporangiospore pr oductio n. A 
base medium consisting of 0.759J glucose. 0,09% 
(NH4):S04, 0.1% MgS04 • 7H2O, and 2;4C^ lonagar no. 2S 
(Wilson Diagnostics, Glenwood, 111.) was prepared in dis- 
tilled water. After autoclaving, the base medium was asepii- 
cally combined with an equal volume of sterile Mcllvaine 
buffer (pH 4.0). The mixture was held at 50**C in a waier 
bath. Slock solutions of filler-sterilized thiamine hydrochlo- 
ride (25 \Lg/m\) and trace metals (0.2 mg of FeS04 • 7H:0. 
0.2 mg of 2nS0.4 • TH.O, and 0.2 mg of MnSO: • 4H:0 per 
ml) were aseptically added to the medium, using 0.1 ml per 
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100 ml of medium. The medium was dispensed inio standard- 
size plastic petri dishes. Various formulations of this medi- 
um in liquid form were utilized for shake-fiask studies. 

Sporangiospore production and preservation. Sporangio- 
spores were produced on the medium described above, using 
a plate-overlay method. A base layer of the defined medium 
(15.0 ml) was overlaid with 5.0 ml of 1.29? lonagar containing 
ca. lO** sporangiospores per ml. Plates were incubated at 
30°C for 5 days! Sporangiospores were harvested with a wire 
loop, using two consecutive rinsings (10.0 ml each) of sterile 
physiological saline solution containing 0.019? Tween 80. 

Sporangiospore suspensions were preserved on activated 
silica gel by a modification of the method described by 
Perkins (4). Tubes of silica gel were prepared by weighing 
5.0 g of chromatography-grade silica gel (0.05 to 0.2 mm; 70- 
325 mesh ASTM) (E. Merck AG. Darmstadt. Germany) into 
50-mr screw-cap test tubes. The capped tubes were then 
oven-sterilized at 180**C overnight. Sterile tubes of anhy- 
drous silica gel were placed in an ice bath. A 1.0-ml p nion 
of spore suspension was pipetted along the surface of ihe 
silica gel, dropwise. Tubes were returned to the ice bath for 
15 min. Each tube was mixed with a lube agitator and sealed 
with a layer of Parafilm. The spore suspensions were stored 
at 4**C. Estimates of spore viability were determined by using 
Mycophil agar (BBL Microbiology Systems. Cockeysville. 
Md.). Viability of the spore preparations ranged from 60 to 
657c over the course of these experiments. . 

Assessment of germination. For these experiments, germi- 
nation was defined as the extension of a germ tube to a 
length equal to one-half the diameter of the spore. Germina- 
tion was reported as a percentage of the spore population, 
determined by microscopic count. Germination in both 
liquid and solid media was evaluated. 

Germination in liquid media w as determined by using 50- 
ml shake flasks ( Belico Olass. Inc.. Vineland, N.J.)c niam- 
ing 10.0 ml of medium . Flasks were inoculated wiih ca. 5^ x 
10^ sporangiospores "and incubated in an cnvironmeniaf 
incubator-shaker (model G24: New BrunsvA^ick Scientific 
Co., Inc., Edison, N.J.) set at 150 rpm . Samples were 
removed from the flasks with sterile lOO^jJul capillary pi- 
. pettes. The percentage of germinated spores \^as determined 
. microscopically with a hemacytometer. At least 400 spores 
were counted for each sample. 
Germination was also evaluated on a soliJ i^gar medium 
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medium. Magnification, xl.OOO (phasc^onirasi). idTc^rmin^^^^ ^ ^ incubation (42-C) in defined 

^gnificaiion, xi50 (phase-conirasi). uerminated sporang.os pores forming mycelial pellets after 6.5 h in defined medium. 


^.0 ml per plate) in standard-size petri dishes. A sporangio- 

spore inoculum (ca. 5 x lO'* spores) was spread over the 

surtace ofeach plate with an alcohol-flamed glass rod After 

'''' V'^.^ h. agar blocks were asepticaily removed 

^rnJ 'v'f^^^- ?^ ^'^^'^^ ^^^^ P*^^^^ on cieaned micro- 
scope slides under cover slips and examined under 4S0x 
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magnification. For each sample, at least 400 spores were 
counted. Microscopic fields were selected randomly. 

RESULTS 

Germination sequence of R, oUgosporus sporangiospores. 
I he germination sequence of R, oligospoms sporangio- 
spores IS shown in Fig. la to c. Germination proceeded 
through two distinguishable phases. Phase I involved the 
enlargement of the spore (Fig. lb) before the emergence of a 


TABLE 1. Requirements for swelling and germination of/?. 
ofinoxporus sporangio spores" 

Condition of spore; s after 24 


Medium 


Distilled water 

Mcllvaine (citric acid-Na^HPO) 

buffer (pH 4.0) 
BuJrer-0.377r glucose 
.Buffcr-0.05C? (NH4),S04 
Buffer-().l7';? glucos'c-0.059f 
(NH4):S04 


Spore 
diam 


Germination 


5.5 
5.5 

8.3 
5.6 


0 
0 

0 
C 
6<) 


td at 5°h*^ "^^^^ 'ncubiiicd in the defined medium urC) and 


" ^'^Jji'i'y of the spore suspension (based on Mycophil ;ii:ar nli*tc counn 

Mean, based on 5(1 observe i ions. 
* 7^7 of the spores germinated at WC and formed Lhlam\d(.>ni)r in this 
medium. 
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germ lube (phase ID (Fig. Ic). Swelling of the spores during 
phase I varied with the medium. In the defined liquid 
medium, sporangiospores swelled to an average diameter of 
12.1 M.m. from 5.1 M-m, before the emergence of a germ lube 
(Fig. Ic). Germlings tended to clump together during extend - 
e d incubation periods to form mycelial pellets (Hg. 10)'.' 
Because of this phenomenon, which interfered with gerrnina- 
ti n determinations, solid media were used for experiments 
requiring incubation periods longer than 6 h. 

Influence of pH and temperature on germination. The effect 
of pH on germination of sporangiospores (Fig. 2) was 
determined during a 6-h incubation (42T) in the defined 
medium. The buffer in the base medium was prepared 
according to the specified pH values. The optimal pH range 
for germination was 3.6 to 4.6 ; maximum germination was at 
pH 4.0. Ge rmination was delayed and reduced to 15 to 20% 
af ter 18 h at pH values below 2.6 or above 6.6. 

The effect of incubation temperature on sporangiospore 
germination was determined by using the defined medium at 
pH 4.0. Germination was scored after incubation for 6 h at 
26, 30, 34, 38, 42, 46, or 50*C. Germination was most rapid at 
42°C. After extended incubation (18 to 24 h), germina tion 
(c a. 25%) was also observed at 26 and 46°C. 

Nutritional requirements for germination. Sporangiospores 
were incubated in media lacking one or more constituents of 
the defined medium (Table 1). Sporangiospores incubated 
for 24 h in either distilled water or buffer did not swell or 
germinate. Spores incubated in buffer with 0.37% glucose 
did not germinate after 24 h; however, after 6 h of incuba- 
tion, ca. 60% of the spores swelled to an average diameter of 
8.3 M-m. Swollen spores underwent a loss in refractility and 
became gi-anular in appearance. Approximately 60% of ,the 
sporangiospores incubated in a medium containing carbon 
and nitrogen sources but no trace elements in a buffer base 
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TABLE 2. Effects of amino acid !i on gc"«i'*''t ion" 

rj Germina- 

■ Amino acid tion aHcr K 

.-'Proline 51 

'f Alanine 51 

Asparagine 48 

Gluiaminc ; 42 

Aspartic acid 40 

Glutamic acid .34 

Ornithine : 23 

Arginine. 17 

Tyrosine *. 6 

Phenylalanine 5 

. Isoleucinc 3 

Leucine, glycine, histidine, lysine, methionine, serine, 
threonine, tryptophan, valine, hydroxy-proline, cy stc- 
ine control ; 0 

* Viability of the stock spore suspension was 659? : incubation was at 42*C: 
pH of the mcdiunn was 4.0. 

* ExpcnmentaJ error. ^5%. 
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FIG. 3. Comparison of germination. kinetics in defined and com- 
plex media. Complex media were prepared in Mcilvainc buffer (half- 
sirengthKpH 4.0). Nutrient additions were made to bring the final 
conceniraiion in the medium to 0.19J. Incubation was at 42'C. 


germinated within 6 h. Before the emergence of germ tubes, 
the sporangiospores swelled to an average diameter of 12.1 
M-m. 

Sporangiospores neither swelled nor germinated during a 
24-h incubation (42*C) in a carbon-deficient medium [i.e., 
buffer-(NH4hS04]. However, after 24 h at 30*C in this 
medium, 7% of the spores germinated and produced chla- 
mydospores. During germination, the sporangiosp res 
swelled to 8.4 to 12.6 (im and subsequently gave rise to one 
to four chlamydospores per emerging hypha. 

Germination kinetics In defined and complex media. The 
germination of sporangiospores was examined in several 
types of media, including those containing an enzymatic 
digest of casein (NZ amine type A), an acid digest of casein 
(Hy-Cas). or an enzymatic digest of soya (soy peptone). The 
kinetics of germination in these media are shown in Fig. 3. 
The enzymatic digests of soya and casein were more effec- 
tive in promoting germination than either the acid digest of 
casein or the defined medium. The medium containing the 
acid digest of casein was notably poor as £i germinati n 
medium. 

To test the possibility that nutrients other than amino 
acids were responsible for the more rapid pe mnination ob- 
served in NZ amine type A, a formulation of amino acids 
was prepared to duplicate the amino acid concent of casein. 
Media were prepared in Mcllvaine buffer (half-strength), pH 
4. Nutrients were added to yield a final concentration of 
0.1%. Incubation was at 4''C. Although the on&et of germina- 
tion occurred 30 min earlier in the NZ amine ty pe A medium, 
the overall germination kinetics in the two me^ia were quite 
similar. It is likely that promotion of germination by NZ 
amine type A is largely attributable to its amino acid content. 

Effects of individual amino acids on germiiBation. For an 
assessment of the relative effectiveness of inciividual amino 
acids on germination, a solid medium contain ing Mcllvaine 
buffer (half-strength) (pH 4.0), 0.37% glucose, and 1.2% 
lonagar was prepared. The addition of indiv idual L.-amino 
. acids (analytical grade) was made aseptically" to adjust the 
final concentration in the medium to 0.01 M. '^h? results of 
these experiments are summarized in Table 2- Of the amitio 
acids tested. L-prolihe and t-alanine w ere mcyst effective in 
promoting germination. Leucine, cysteine, glycine, histi- 
dme, lysine, methionine, serine, threonine, tryptophan, va- 
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line, and hydroxyproline did noi support germinaiion after 8 
h of incubation. 

Germinaii n in the presence of 10"** M L-proline was 129^. 
Germination in the presence of 10"^ M L-alanine was 59^. A 
M concentration of L-asparagine allowed 49f germina- 
however, L-glutamine did not promote germination 
ven at 10"^ M. For comparison, germination in the pres- 
ence of NZ amine type A occurred at 0.0019?. a concentra- 
tion that provided a calculated proline concentration of 10"-^ 
to lO"** M. Germination did not occur at concentrations of 
ammonium sulfate below 10""* M. 

Amino acid combinations were also tested for detection of 
any additive or synergistic effects. The results of these 
experiments are summarized in table 3. Proline-alanine and 
proline-aspartic acid were the most effective combinations 
tested. These combinations, however, were only slightly 
f"Ofe effective than proline or alanine alone. The striking 
inhibition of proline-induced germination in the presence of 
^— arginine, ornithine, or glutamine remains unexplained, 
.^-rr^ Effects fcarbohydrates on germination of sporangiospores. 
J The ability of various carbohydrates to promote sporangio- 
1^ spore germination was investigated by using a solid medium 
^ containing Mcllvaine buffer (half-strength) (pH 4 .0), 1.29^ 
. lonagar, 0.05% (NH^).SQ^. and Q 3l^c carfaohvaffSTe (rea- 
^ gent grade). Incubation was at 42*C for 8 h. The results of 
C these experiments are summarized in Table 4. Of the various 
carbohydrates, glucose, mannose, xylose, fructose, soluble 
starch, and galactose were superior in promoting germina- 
tion (greater than 40%). Germination in sorbitol, maltose, 
sucrose, mannitoi. and trehalose ranged from 38 to 17%. 
Raffinose. ribose, lactose, and arabinose were less effective 
in promoting germination (less than 109&). 

Germination reserves in sporangiospores. The ability of/?. 
oUgospoms to absorb sufficient nutrients during phase I for 

^ ^^BLE 3 . Effects of amino acid combinations on germination" 

^ Gcrmina- 

Combination tion after 8 

•• • . • h* . 

^ Proline-alanine 

oline-aspanic acid 

• roline-asparaginc ........ 

Alanine-glutamic acid ..... 

Alaninc-aspartic acid 

. Prolinc-glutamine 

Alaninc-glutamine 

Asparaginc-aspanic acid. . . 

Asparaginc-gluiamine 

Asparagine-gluiamic acid . . 

Asparaginc-argininc 

Glutamine *........ 

Alanine-omithine 

Glutamic acid-omithinc . . . 

Asparaginc-omiihinc 

Glutamic acid-argininc 

Aspanic acid-gluiamic acid 

Aspanic acid-omithinc 

Aspanic acid-argininc 

Glutamine-glutamic acid . . . 

Glutaniinc-omithine 

Omiihine-arginine . . 

Proline-glutamic acid 

Proline-ornithine , , . 

Prolinc-arginine 

* Viability of the stock spore suspension was 6S9r: incubation was at 42X: 

# of the medium was 4.0. 
Experimental error. i5rf. 
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TABLE 4. Effcct> of carbohydraies on i*crminaii(in" 

Cicrminii- 


Carbi>hvUraic tion ;iftcr 8 

. •' ' - • . - h*- 

D-Glucu .c . . ' 59 

D-Mannosc 5t) 

D-Xylose 50 

t>-Fruciose 46 

Soluble starch ; 44 

. o-Galuctose \,.. 42 

D-Surbitol 38 

Maltose . . . .* : . 27 

Sucrose ; 20 

D-Mannitol. 19 

Trehalose 17 

Arabinose ; k 

D-Ribose , 7 

Raffinose 6 

Lactose 4 

Dulcitol 0 

Control 0 


• Viability of the stock spore suspension was 6.^9? : incubation was ui 42X; 
pH of the medium was 4.0. 
^ Experimental error. £59E. 

germination to occur after transfer to a non-nutritive medium 
was examined. For these experiments, spores were first 
incubated for 2 h in a nutrient-rich medium containing O.IC^ 
NZ amine type A and 0.2259J glucose in Mcllvaine buffer 
(half-strength) (pH 4.0). After incubation (42''C, 150 rpm). 
spores were recovered by centrifugation (1.000 x ^\ 10 min). 
The supernatant u^as discarded, and residuz^l medium was 
removed from the inner surface of the tube with a sterile 
cotton swab. The pellet was suspended in sterile physiologi- 
cal saline solution containing Tween 80. Ponions of this 
suspension were then spread over the surface of plates 
containing Mcllvaine buffer solidified with I27c lonagar. 
After transfer to the iibn-nutritive medium, spores were 
evaluated for both swelling and germinaiion. A control 
suspension of sporangiospores (not incubated in gerrhination 
medium) was directly spread over the surface of the non- 
nutritive medium. These spores retained their original diam- 
eter (5.1 Jim) after 5 h of incubation. Spores incubated in the 
gerinination medium for 2 h before transfer had swelled to 
8.4 jtm; however, both swelling and germination were arrest- 
ed when the sporangiospores were transferred to the non- 
nutritive medium.. It appears that effective pools of germina- 
tion nutrients are not formed in R. oligosporus during phase 
1. Instead, continuous uptake of exogenous nutrients is 
required for subsequent germination. 

DISCUSSION 

The results of these studies may have practical implica- 
tions in the use of sporangiospore staners for tempeh 
fermentation. The fermentation is most commonly per- 
formed at 30 to 32'C. The most rapid germination of R. 
oligosporus sporangiospores. however, occurs at c^. 42**C. 
Therefore, the inclusion of a short initial incubat ion at 42''C 
b efore the p roduct is transferred to 30 to 32"C may e;xpcdite 
the critical, initial ponton of the fermentation and decrease 
the total fermentation time. Steinkraus et al. (7) h recpm-. 
mended jni^al acidification of the substrate, to nr»inimiz e 
the growth of bacterial contaminants- during th"e"lfFrnrienta- 
tipn; The results of the present study confirm that atf:idinca- 
tion of the substrate to ca. pH 4.0 favors rapid gcrmin iiti n o£ 
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gcrmiaaiipn. Weber (8) and Weber and Ogawa (9) fouml l- . 
proline to be the most effective of 60 compounds tested for 
stimulating the germination of R. drrhiztis and Rhizopus 
sporahgiosporcs. Thcs auth rs also found only 
small amounts of L-proIine in the endogenous amino acid 
pool. Proiinc-stimulaied germination was reported to require 
the presence of ph sphaie in the medium. Our findings 
•indicate that proline-slimulated germination in R. oUuo- 
sporiis sporangiospofcs is otimized bv the si multane us ■ 
presence of ^ucose and phosp hate in the me diiim. Further 
investigations arc required to determine the specific role of 
amino acids in influencing sporangiospore germination. 
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sporangiosp re starters to establish competitive mycelial 
growth. 

The m rphological changes that occur during the germina- 
tion of sporangiospores am ng the mucorales have been well 
^kicumented. The present study confirms that germination of 
oUfiosporus sporangiospores occurs in two distinct 
phases. Neither swelling nor germ lube extension occurs 
when these sporangiospores are suspended in distilled water 
or buffer, dwelling (phase I) requires the presence of a 
s uitable carbon source: g erm, jube. ejUensipn Jp>as^^ II) 
re quires the simultaneous presence of carbon and nitrogen^ 
s ources. W hen sporangiospores are incubated in the pres- 
ence of exogenous nutrients and then transferred to a non- 
nutritive medium, swelling and germ tube extension are 
arrested. Therefore, it may be concluded that these spora n- 
gi ospores do not contain appreciable endogenou s reserves of^ 
nutrients. Ekundayo and Carlile (1) have reported that. ii» 
t he presence of g\uQO^^.tRhizoptis fli T^iiu5 sporangiospores 
catTaETrfa suffi^ienrmjtnents withinllRe "first 2 h of mc^uba- 
tion to complete germination in the absence 6f exogenou s 
nutrients several hours later . The experimental method used 
by these authors, however, may have allowed nutrient carry- 
over to occur. In the present study, precautions were taken 
to minimize this possibility. 

The niost rapid germination o f R. olifiosporus sppTzngio- 
spores occurred in mixtures ot amino acids . 1-Prolin^ and t- 
^ alanine were oarticulariv effective in promoting ggrminatibn . 
' It is interesting that when L-proline was used in combiiiation 
with equimolar concentrations of L-glutamic acid, L-omi- 
thine, or L-arginine. the effectiveness on germination was 
diminished. This effect remains unexplained. The ability of 
L-proline and L-alanine to promote germination at concentra- 


nitrogen sources. Other active compounds containing a 
molar equivalent of nitrogen were not capable of supporting 
germination at these concentrations. Therefore, these amino 
ac ids may have a catalytic or regulatory ro le in promoting. 


